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We investigated over what central area disparity in a random dot stereogram is integrated to 
stimulate an initial vergence response. Vergence was measured subjectively, with a forced choice 
dichoptic nonius vernier task following a brief (230 msec) stimulus presentation. Stimuli were 
random-dot stereograms howing a central circular disc of 12.5 min arc crossed retinal disparity in 
front of, and occluding, a same density fixation plane surround. The size of the disc was varied. All 
ten observers responded to the brief stimulus. Initial vergence increased with increasing disc 
diameter and, for nine out of ten subjects, reached a maximum with the disc ca  6 deg, suggesting 
this is the extent of the spatial integration region. Below 6 deg diameter, surround and target 
disparities were averaged together. Initial horizontal vergence responds automatically to a 
cyclopean target presented in the centre of gaze by pooling disparities within a limited but 
surprisingly large area. © 1998 Elsevier Sceince Ltd 
Vergence Absolute disparity Relative disparity Spatial integration Receptive field 
INTRODUCTION 
Because the two eyes are laterally displaced, the image of 
an object off the plane of fixation falls on slightly 
different, or disparate, points on the left and right retinas. 
The binocular disparities that arise from such situations 
can be used by the visual system not only to reconstruct 
the relative depths of objects, but also to make astonish- 
ingly precise discriminations (Berry, 1948; Westheimer 
& McKee, 1978). We are best able to discriminate the 
binocular disparities of objects in, or near, the fixation 
plane (Ogle, 1953; Blakemore, 1970; Smallman & 
MacLeod, in press). Vergence eye movements erve to 
bring objects into the plane of fixation partly to bring this 
exquisite stereo sensitivity to bear. In this paper we 
investigate what information is processed from the 
monocular retinal images to mediate the successful 
programming of vergence eye movements. We show 
that the information for initial horizontal disparity 
vergence for foveal targets is spatially integrated over a 
surprisingly large region (up to 6 deg). 
Humans are very flexible in their ability to redirect 
their vergence to different objects in cluttered isplays 
(Erkelens & Collewijn, 1989). Some type of attentional 
control must presumably mediate the programming of 
such eye movements (Erkelens & Collewijn, 1991). 
*To whom all correspondence should be addressed [Tel.: +44-191-374 
2625; Fax: +44-191-374 7474; Email: A.V.Popple@dur.ac.uk]. 
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University of Durham, Durham DH1 3LE, U.K. 
SDepartment of Psychology, University of California at San Diego, 
9500 Gilman Drive, La Jolla, CA 92093-0109, U.S.A. 
Although Erkelens and Collewijn (1991) showed that the 
vergence system can be subject o attentional control, it 
seems likely that the system often operates efficiently 
without the need of such influence. Vergence eye- 
movements are stimulated by changes in the disparity 
of the entire visual field (Erkelens & Collewijn, 1985b). 
However, if disparities were initially pooled over a large 
but discrete region vergence would respond as well to 
disparity in this region as it responds to disparity over the 
entire visual field, without the need for prior target 
selection. If disparities were integrated over an extended, 
but limited, central region of the visual field, no active 
attentional selection of a target need take place. In a 
natural environment we are more likely to require 
optimal vergence for a particular target than for the 
entire visual field. A large but discrete region of spatial 
integration would also account for the differences 
between vergence and stereopsis, because intial vergence 
would be essentially blind to the fine grain relative local 
disparities that determine stereoacuity (Harris, McKee & 
Smallman, 1997). Appropriate vergence without atten- 
tion may thus help pick up salient objects rapidly, with 
vergence to disparities in the centre of gaze forming part 
of the orienting reflex. 
We tried to estimate the proposed spatial integration 
region in the absence of monocular spatial integration. 
We accomplished this through the use of cyclopean 
presentation. Attention was directed to the task of 
aligning a nonius vernier, to provide a subjective measure 
of initial vergence to the briefly presented stereogram. 
The size of the central cyclopean target depicted in the 
stereogram was varied. 
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METHOD 
Mallot,  Rol l  and Arndt (1996) descr ibed a subjective 
method for measur ing el icited vergence fol lowing the 
brief  presentation of  a stereogram. We adapted this 
method for the purposes of  the present study to estimate 
vergence when the size of  a central occluding disc in 
front of  a fixation plane surround was varied in a 
cyclopean random dot stereogram (Julesz, 1971). 
Design 
The size of  a central disc protruding from a fixation 
plane surround in a Julesz random dot stereogram was 
varied over a range from 0-16 deg of  visual angle. 
El ic ited vergence was measured subjectively fol lowing a 
br ief  stimulus presentation. 
Apparatus and stimuli 
Stimuli  were generated on a Cambr idge Research 
Systems VSG graphics board driven by a Logix Systems 
Processor PC. They were displayed on two EIZO Flex- 
6500 21" flat monitors v iewed through a modif ied 
Wheatstone stereoscope. Head movements were mini- 
mized using a chin and forehead rest. The stereoscope 
consisted of  two 5 × 7 cm front si lvered mirrors mounted 
at a right angle. The total v iewing distance was ca 90 cm 
(10 cm to the mirrors and a further 80 cm to each screen). 
The monitors were set at a resolution of  768 × 1024 
pixels on a screen 25.5 × 34 cm, subtending a total visual 
angle of  ca 16 x 21 degrees, 1.25 min arc per pixel. The 
fixation stimulus was a pixel -wide 25x25 minarc  
square. Target stimuli were generated by placing 2000 
2.5 x2 .5  min arc non-adjacent random dots over the 
screen, then shifting a circular region on one of  the two 
monitors and later filling the remaining crescent region 
to create a cyclopean Julesz stereogram of a central 
disc in front of  a fixation plane surround. A nonius 
vernier stimulus was generated by displaying three 
160 × 2.5 min arc vertical bars 25 min arc apart on one 
monitor  and a single bar above them on the other monitor, 
at one of  21 possible horizontal ocations corresponding 
to vergence angles separated by 2.5 min arc (Fig. 1). (All 
d imensions are given in height x width.) 
Procedure and data analysis 
Eighty eight trials were presented in a block for each 
central circle size. Every trial consisted of  a 1 sec fixation 
while the random dots were calculated off- l ine fol lowed 
by a 230 msec stimulus which was, in turn, replaced 
immediate ly  by a 160 msec dichoptic nonius vernier 
target. The nonius stimulus consisted of  a single vertical 
bar in one eye above three vertical bars in the other eye. 
Subjects were instructed to attend to the fixation target, 
and fol lowing the briefly f lashed stereogram to respond to 
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FIGURE 2. (a) Procedure on each trial. A 1000msec fixation 
consisting of an outlined white square on a black screen was followed 
by a 230 msec stimulus which preceded a dichoptic nonius vernier 
(160 msec). The viewer's task was to decide whether the top line was 
left or right of the central ower line, the vergence angles implied by 
alignment with each of the three lines are shown. (b) Example of "top 
left" response frequency for subject KF with the disc diameter set at 
11.7 deg of visual angle. The physical displacement of the top nonius 
line is shown. The displacement at 50% left is a measure of vergence 
angle. (In the experiment, the allocation of top and bottom nonius half- 
images to the left and right monitors was randmized, so the left-or-right 
distinction was translated into far-or-near) (after Mallet et al., 1996). 
the nonius vernier target with a key-press left or right, 
depending on whether the top line was left or fight of  the 
central lower line. The vernier target was presented 
randomly eight t imes at each of  l l chosen angles 
separated by 2.5 min arc. The nonius half  images were 
al located at random to the left and fight screens. 
Vergence angle was determined by finding the nonius 
displacement angle which produced 50% far responses 
using probit analysis (Finney, 1947). 
The rationale behind this method of  vergence stima- 
tion is as fol lows: if the top line (seen in the fight eye) 
appears to align with the central lower line (seen in the 
left eye) the physical  d isplacement between the two lines 
indicates the degree of  vergence from the plane of  the 
screen [see Fig. 2(a)]. 
The nonius method suppl ied an estimate of  where the 
two eyes were looking at a given point in t ime fol lowing 
the stimulus onset and offset. The estimate obtained by 
FIGURE 1. (a) The setup of our mirror stereoscope. Mirrors were positioned at right angles, 10 cm from the viewer's face. The 
monitors were a further 80 cm away on either side, facing each other and parallel. The stereogram was seen at a distance of 
90 cm in front of the viewer, disparity causing the central disc to protrude as illustrated. (b) Stereogram illustrating the target 
stimulus. In the experiment, this consisted of 2000 random white dots (2.5 min arc) on a black screen (16 × 21 deg). (c) Depth 
profile depicted. The circular disc protruded 12.5 min arc from the fixation plane surround. 
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FIGURE 3. Elicited vergence (rain arc) with increasing target size 
(deg) for all ten subjects. Error bars show 95% confidence interval- 
note the uniformity across target size within each subject. All subjects 
responded tothe presence ofa crossed isparity target in the stimulus, 
although in the case of HSS this response was only just significant. 
Subjects presented with discs < 6 deg verged less in this condition, 
with the exception of MB and outlier HSS. Vergence increased with 
target size and saturated between 5 and 10 deg. Only RG has vergence 
continuing to rise beyond this. 
this method can be presumed to constitute an accurate 
indicator of the size of initial vergence. No assumptions 
were made about the dynamics of vergence, and whether 
the response was sustained or transient. Likewise, no 
assumptions were made concerning the relation between 
this subjective measure of vergence and oculomotor 
vergence, which can be recorded objectively by tracking 
the horizontal position of the two eyes. However, for ease 
of discussion the estimate obtained will henceforth be 
referred to as vergence. Although dichoptic nonius 
vernier acuity can be in the order of second of arc 
(McKee & Levi, 1987) and we used rather large vernier 
steps (2.5 min arc) nevertheles these provided sufficient 
sampling to produce acceptable psychometric functions. 
The stability of the results obtained by this method can be 
seen from the example illustrated in Fig. 2(b). 
Subjects 
Eight female and two male volunteer subjects 
participated in this experiment as observers. All had 
normal or corrected to normal vision, and were aged 
between 20 and 40. All except wo who were co-authors 
(HSS and AVP) were naive as to the purpose of the study. 
RESULTS 
Although subjects were not instructed to attend to a 
particular region of the random-dot stimulus, all ten 
subjects clearly verged to the disc that was presented in it. 
Inspection of Fig. 3 shows that, in general, vergence 
increased rapidly with increasing target size, and 
saturated when the target reached a size somewhere 
between 5 and l0 deg. 
The response to targets < 5 deg was therefore of 
particular interest, because only for these small targets 
could there be evidence that the disparities of the target 
and the surround were actually integrated. Eight subjects 
were tested on targets < 5 deg. All except MB and HSS 
verged less in response to this small target han to larger 
targets. (The vergence recorded from subject HSS was 
close to zero regardless of target size, perhaps the result 
of his experience as a psychophysical observer.) 
Vergence to small targets ( < 5 deg) was intermediate 
between the cyclopean target and surround disparities. 
We wanted to determine whether this may have been due 
to subjects verging to the target on some trials, but to the 
surround on other trials. Had this been the case, the 
variability of responses to the dichoptic nonius would be 
increased in comparison with that for fixation-plane dots 
alone (target s ize=0deg) ,  or for larger disc sizes. 
However, confidence intervals on the vergence stimate 
for small targets ( < 5 deg) appear no larger than those 
for the other cases. This indicates that disparity integra- 
tion rather than target selection is responsible for the 
depth-averaged response we found. [See Mallot et al. 
(1996) for a similar argument concerning averaging two 
transparent planes.] 
To delineate the suggested integration of disparities, 
the following two mathematical models were fitted to the 
data. (1) A cortical magnification model, in which the 
lesser weight given to peripheral disparities is accounted 
for by their diminished cortical representation; and (2) a 
gaussian integration model which pools disparities within 
a central integration area. 
1. Foveal magnification means that the centre of the 
visual field is neurally over-represented or informa- 
tionally enlarged when compared with the periph- 
ery. Cortical magnification as a function of retinal 
eccentricity is conventionally modelled by the 
formula Mc = Mr~(1 + E/E2) where M~ is the cortical 
magnification factor, E is the retinal eccentricity, Mr 
is a foveal magnification constant and E2 is the half- 
width or the angle at which magnification is halved 
(Wilson, Levi, Maffei, Rovamo & DeValois, 1990). 
This function was used to derive a model which 
integrates disparities over the entire visual field (see 
Appendix I). This model, when fitted to the data 
pooled from all 10 subjects, accounted tor 50% of 
the variance. However, E2 was estimated at 5 min 
25 
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FIGURE 4. Vergence pooled across all ten subjects. The model is a cumulative normal predicted from a Gaussian integration 
region, and accounts for more than half the variance across subjects. Asymptotic vergence of 12.23 min arc (to two decimal 
places) is obtained for a target size of 6.1 deg. This figure agrees well with the individual curves in Fig. 3, and with the results of 
analysis illustrated in Fig. 5. 
arc. The only comparable value from previous 
research is E2 for stereoacuity, estimated at ca  
20min arc (McKee, Welch, Taylor & Bowne, 
1990). Also, because cortical magnification falls 
exponenetially with eccentricity, the model could 
never asymptote, merely slope more gently as target 
size increases. Thus, although the "knee-point" in 
the data can be modelled by this kind of function, 
the saturation obtained prior to full-field stimulation 
cannot. 
2. Alternatively, initial vergence might integrate dis- 
parities over a limited central area. To model this 
possibility, a cumulative normal centring on zero 
target size was fitted to the pooled data. This model 
(with an estimated standard eviation of 0.84 deg, 
see Appendix II) accounted for just over 50% of the 
variance. Figure 4 shows that model vergence 
saturated at a target size of 6.1 deg on the x-axis, 
and at a vergence of 12.23 min arc, close to target 
vergence (12.5 min arc). 
To test the effect of target size predicted by these 
models analytically, a within-subjects ANOVA was 
carried out on the data from the eight subjects tested on 
small ( < 5 deg) targets. Target size was partitioned into 
three conditions of under 6deg, 6-10deg and over 
10 deg. Both models predict an effect of target size on 
vergence. The gaussian integration model predicts 
significant differences between conditions only where 
the rising portion of the target size-vergence function is 
concerned (i.e. < 6 deg), and not between the two larger- 
target partitions (6-10 deg and >10 deg). 
The overall effect of target size was found significant 
[F(2,14) = 4.74, P = 0.027]. As can be seen from Fig. 5, 
targets < 6deg in size stimulated considerably less 
vergence than targets of over 6 deg and this probably 
accounts for the significant ANOVA. The difference 
between small ( < 6 deg) and large (> 10 deg) targets was 
significant [F(1,7)= 6.26, P= 0.041], and there was a 
trend for a difference between small (<  6 deg) and 
medium (6-10 deg) targets also [F(1,7) = 4.25, 
P = 0.078]. However, as predicted by the model, there 
was almost no difference between targets 6-10 deg and 
those >10 deg [F(1,7) = 0.15, P = 0.710]. 
Although the ANOVA shows no difference between 
medium (6-10 deg) and large (>10 deg) targets, in many 
subjects' data we noted an intriguing suggestion of a 
down-turn in elicited vergence for target discs >8 deg. 
Analysis of the asymptotic portion of the curves showed 
that the slight drop in vergence between 8 and 12 deg of 
visual angle was, based on local linear regression for the 
five subjects with more than two relevant data points 
(MC, AH, AVP, CM and KF in Fig. 3), significantly 
different from zero (z-test, P < 0.0001). Three more 
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FIGURE 5. Vergence pooled across eight subjects having data [or targets < 6 deg. Target size was partitioned into cells 
of < 6 deg, 6-10 deg and >10 deg. The star indicates a significant difference in a within-subjects ANOVA (see text for details). 
subjects (KP, FN and HSS) had some fall in vergence 
beyond 8 deg. Only one subject (RG) had vergence 
continuing to rise with target size for targets >8 deg. 
However, the main finding remains that initial 
vergence increased with the increasing size of a 
cyclopean target, but disparate regions more eccentric 
than the central 6 deg of gaze provided a neglibible 
contribution to initial vergence. 
DISCUSSION 
The results show that, by default, the initial vergence 
response to a brief stimulus pools disparities over a 
limited central region no smaller than 6 deg of visual 
angle. Disparities within this area are integrated espite 
the presence of a smaller central cyclopean target. 
Others have already demonstrated the ability to make 
fast shifts in vergence between small, attended targets in 
different regions of the display (Erkelens & Collewijn, 
1991; Collewijn, Erkelens & Steinman, 1995). These 
shifts occurred following instructions to attend volun- 
tarily to specific foveal or parafoveal targets. However, to 
reiterate, in our procedure no attention to the disparity 
stimulus was required. Instead, subjects were instructed 
only to attend the prior fixation and complete the 
subsequent dichoptic nonius alignment task. 
Simply weighting disparities across the visual field by 
cortical magnification toderive a signal to drive vergence 
fails to account for the saturation of the data at 5-10 deg. 
It is well know that sensitivity to higher spatial 
frequencies also declines in the periphery (cf Wilson et 
al. ,  1990). The saturation of vergence with increasing 
central target size could be accounted for by this fact, 
because of the greater energy of the small random dots in 
our stimuli at high spatial frequencies. Further experi- 
ments with low-pass filtered stimuli would be needed to 
test this possibility. Nevertheless, on the basis of present 
findings, a Limited integration region as exemplified by 
the Gaussian model offers the best description of the data. 
What, if any, physiological mechanism ight account 
for the proposed integration of neighbouring disparities 
over a central region? Short-latency disparity vergence 
has been linked directly to the properties of tuned 
disparity-sensitive c lls. Busettini, Miles and Krauzlis 
(1996) showed that short-latency vergence breaks down 
for disparities larger than ca 1 deg, the limit placed on the 
disparity senstivity of tuned cells (Poggio & Talbot, 
1981 ). Indeed, Poggio and Talbot ( 1981) outlined acrude 
way in which the output of "near" detectors might be 
subtracted from "far" detectors to determine the direction 
of vergence, while the tuned receptors are pooled to 
calculate the amplitude of eye-movement required. 
However, our integration region is far larger than the 
pooling region envisaged by Poggio and Talbot in 1981, 
which was presumably based on receptive fields found in 
early visual areas. 
There is evidence for large integration regions in the 
control of other oculomotor functions. Analogies have 
often been drawn between motion parallax and binocular 
parallax (e.g. Rogers & Graham, 1982). As well as 
leading to a sensation of depth, motion parallax and 
binocular parallax also stimulate oculomotor responses. 
Optokinetic following, which is thought to stabilize gaze 
during motion, like vergence, responds well to full field 
stimulation. However, Miles, Kawano and Optican 
(1986) found that the relative motion of a 20-40 deg 
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central disc in a random dot stimulus produced more gain 
in monkeys' short-latency ocular following than absolute 
full-field motion. They argue that maximal response to a 
whole moving field would be less ecologically beneficial 
in the animal's attempts to stabilize the retinal image 
during motion than tracking a target of limited size. The 
same argument can be applied to disparity vergence. An 
extended central disparity region would offer the best 
target o correct for vergence rror following saccades, by 
allowing observers to focus rapidly on the object o which 
they have turned their gaze. 
The analogy between initial disparity vergence and 
short-latency ocular tracking is given empirical support 
by the finding that both responses are enhanced following 
a saccade (Busettini et al., 1996; Kawano & Miles, 1986). 
The tenuous but suggestive downturn in vergence for 
larger disc sizes (>8deg) could be indicative of 
cyclopean lateral inhibition. That is, the data hints at a 
centre-surround receptive field model for vergence as has 
been successful for motion tracking (Tanaka, Hikosaka, 
Saito, Yukie, Fukada & Iwai, 1986). 
Cyclopean receptive fields have been proposed to 
account for lateral inhibition in depth perception from 
stereopsis (Anstis, Howard & Rogers, 1978; Lunn & 
Morgan, 1995). The size of receptive fields processing 
disparity gratings can be estimated at ca 1-2 deg of visual 
angle, from the modulation transfer function to such such 
stimuli (Rogers & Graham, 1982; Tyler, 1983). This 
estimate is half of a single sine-wave cycle at 0.25-0.5 
c/deg. There may be differences between vergence and 
stereopsis at the input end (size of receptive fields) as 
well as at the output end (stereoacuity as opposed to 
limited oculomotor muscle control). The spatial fre- 
quency functions for vergence and depth sensitivity will 
be compared irectly in a further study. 
Is the function of initial vergence simply to bring the 
images from the left and fight eyes into approximate 
correspondence, to facilitate the more refined mechan- 
isms of stereopsis? Absolute disparity and vergence are 
believed to contribute little to depth perception (Erkelens 
& Collewijn, 1985a), which is based almost exclusively 
on relative disparity (Collewijn & Erkelens, 1990). 
Relative disparity is fixed regardless of vergence angle 
(Collewijn et al., 1991; Van Ee & Erkelens, 1996). 
However, relative horizontal disparities alone are insuffi- 
cient to determine the thickness of objects in our visual 
environment. They must first be scaled according to 
viewing distance (Kaufman, 1964). 
In the absence of monocular indicators of distance 
(such as texture gradients), only two sources of informa- 
tion are available to scale relative horizontal disparities. 
These are vergence, which presumably reflects the mean 
absolute horizontal disparity of a surface, and vertical 
disparity, which varies over a surface because of the 
differential perspective of the two eyes. Foley (1980) 
suggested that vergence angle might be used to obtain an 
estimate of viewing distance to scale relative disparities. 
Indeed, the association between vergence angle and 
perceived size was first noted by Wheatstone (1852). 
Vertical disparity information alone, however, is also, in 
principle, sufficient o recover viewing distance (May- 
hew & Longuet-Higgins, 1982). 
How are these two sources of information combined to 
scale relative disparities? Bradshaw, Glennerster and 
Rogers (1996) compared the influence of vergence and 
vertical disparity on dispariy scaling for different arget 
sizes. They found that vergence alone led to effective 
scaling for a target 9 deg of visual angle, whereas vertical 
disparity only affected the scaling of larger targets. 
Vertical disparity is pooled over a region of 14 deg 
(Adams, Frisby, Buckley, G~rding, Hippisley-Cox & 
Porril, 1996) to 20deg (Kaneko & Howard, 1995), 
perhaps because the geometry of differential perspective 
dictates that only large targets give rise to appreciable 
amounts of vertical disparity. It makes sense that 
vergence which influences depth judgements for rela- 
tively small targets should use horizontal disparities 
pooled over a smaller area. However, whether the 
dependence of vergence on target size found in our 
results extends to longer inspection times is something 
we still need to investigate. 
The main contribution of this paper has been to show 
that the default initial vergence response does not simply 
follow the disparity of the entire visual field, or of a 
cyclopean target presented in that field. Neither is it 
determined completely by disparities at the fovea. 
Instead, it integrates disparities over a central region ca 
6 deg in size. In conclusion, it appears that more initial 
vergence is elicited for a target ca 6 deg of visual angle 
than for smaller targets. Most everyday objects we 
encounter in our proximal environment subtend 6 deg or 
more, for instance faces and hands at realistic viewing 
distances. The mechanism discussed here might be used 
to compensate for vergence rror following a saccade. It 
complements he input of vertical disparity in estimating 
viewing distance to resolve stereoscopic depth by 
operating best for smaller targets. 
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APPENDIX  I 
Here we outline a mathematical model of the effect of cortical 
magnification on the function of vergence with the size of a cyclopean 
target. Using the equation for cortical magnification given in the text, 
vergence can be described by the following function. 
( ' ) (t ( t0+Cm ln(1 +r /E2)  l +r/E2 1 
where ~0 is a constant of integration which will allow for fixation 
disparity, Cm is a magnification constant, and E2 is the cortical 
magnification half length. 
This function was fitted to the data as a nonqinear regression using 
SPSS for Windows (Release 6, SPSS Inc.). E2 was estimated at 
5 min arc. The estimated values of Cm and s0 from the regression were 
3.54 and 2.5 rain arc, respectively. This model accounted for 49.9% of 
the variance in the pooled data, however, it does not fit the saturation of 
vergence with target size evident on the individual functions plotted in 
Fig. 3. 
APPENDIX  II 
A mathematical model of the effect of a gaussian envelope on the 
function of vergence with the size of a cyclopean target. As the square 
of a normal distribution is simply another normal distribution, 
vergence was modelled directly by a cumulative normal with mean 
zero .  
Cm J" ,(~/ ~_t =~0+~+Cm e 
0 
As before, s0 is a constant added to allow for fixation disparity, and Cm 
is a magnification constant, s is the standard deviation of the 
distribution, c~0 and C,1, were estimated by regression as before at 
1.68 and 21 rain arc, respectively, s was estimated at 0.84 deg. This 
model accounted for 50.4% of the variance in the pooled data. 
